We present a detailed X-ray study of the microquasar GRS 1915+105 during a variability class transition observed in 2000 June with the Pointed Proportional Counters (PPCs) of the Indian X-ray Astronomy Experiment (IXAE). We supplement this observation with data from the RXTE archives. The source made a transition from a steady low-hard state to a regular oscillatory behaviour in the light curve known as bursts or class ρ (Belloni et al. 2000) between 2000 May 11 and 17 and reverted back to the low-hard state on 2000 June 27. A gradual change in the burst recurrence time from about 75 s to about 40 s was observed which then increased to about 120 s during the ∼ 40 days of class ρ. The regular bursts disappeared from the X-ray light curves and the class transition was observed to occur within 1.5 hours on 2000 June 27 with the PPCs. A correlation is found between the observed QPO frequency at 5−8 Hz in the quiescent phase and the average X-ray intensity of the source during the class ρ. We notice a strong similarity between the properties of the source during the class ρ and those during the oscillatory phase of the observations of class α which contains a long stretch (∼ 1000 s) of steady low-hard state in the light curve along with the regular periodic bursts. From the timing and spectral analysis, it is found that the observed properties of the source over tens of days during the class ρ are identical to those over a time scale of a few hundreds of seconds in the class α. Examining the light curves from the beginning of the RXTE/PCA and RXTE/ASM observations, it is found that the change of state from radio-quiet low-hard state to high state occurs through the X-ray classes ρ and α which appear together during the state transition. It is further inferred that the source switches from low-hard state to the class ρ through the intermediate class α.
INTRODUCTION
The Galactic X-ray source GRS 1915+105, discovered in 1992, was identified with a superluminal radio source at a distance of 12.5 ± 1.5 kpc (Mirabel & Rodriguez 1994) . Its radio characteristics like jets and superluminal motion are similar to those found in quasars and hence this source is called a microquasar. The source is very bright in X-rays and shows strong variability over a wide range of time scales. The X-ray emission is characterized by quasi-periodic oscillations (QPOs) at centroid frequencies in the range of 0.001 − 67 Hz (Morgan, Remillard, & Greiner 1997) . Based on extensive X-ray studies, Muno, Morgan, & Remillard (1999) classified the behavior of the source into two distinct states, a spectrally hard-state with the presence of narrow QPOs, dominated by a power-law component and a soft-state with the absence of QPOs, dominated by thermal emission. Belloni et al. (2000) have made an extensive study of the X-ray emission of the source and classified all the publicly available RXTE/PCA observations from 1996 January to 1997 December into 12 different classes on the basis of structure of the X-ray light curve and the nature of the color-color diagram. They found that the source variability is restricted into three basic states, a low-hard state with invisible inner accretion disk (C), a high-soft state with visible inner accretion disk (B) and a low-soft state with spectrum similar to the high-soft state but with much less intensity (A). However, in GRS 1915+105 the observed fast and slow transitions from one state to other are not clearly understood.
The different variability classes of Belloni et al. (2000) range from steady emission for long durations like class φ (state A), class χ (state C) to large amplitude variations (from state C to state B with a hint of state A) in classes λ, κ, ρ. In the high state (state B), the source sometimes shows short periodic flickering with different amplitudes (classes γ, µ and δ). During the classes θ, β and ν the amplitude variation is accompanied by soft X-ray dips (state A) with duration of a few tens of seconds to hundreds of seconds. It has been suggested that these soft dips in X-ray light curves are also associated with radio flares (Naik et al. 2001) . The class χ is further divided into four sub-classes χ1, χ2, χ3 and χ4, depending on the count rate and hardness ratio in different energy ranges. During the class ρ, the X-ray light curve consists of regular and characteristic pattern known as bursts (Taam, Chen, & Swank 1997; Yadav et al. 1999) which is reflected as a loop-like behaviour (Vilhu & Nevalainen 1998) in the color-color diagram. Similar type of oscillations are observed in the X-ray light curve for a duration of a few hundreds of seconds followed by a long quiet period of about 1000 s as seen in the class χ2/χ4. The observations with these characteristics are as classified into class α. Among the twelve different classes of X-ray observations, it is seen that the source is radio-loud in X-ray classes θ, β, χ1 and χ3 (Naik & Rao 2000) . We present the results of the observation of GRS 1915+105 with the PPCs onboard the IXAE when the source made a class transition from a regular oscillatory behaviour of class ρ to a steady state of class χ2/χ4. We have also analyzed the available RXTE archival data contemporaneous to the PPC observation. In the following sections we present results of these studies.
INSTRUMENT AND OBSERVATIONS
The X-ray observations of the microquasar GRS 1915+105 were made using the PPCs of the IXAE on board the Indian satellite IRS-P3. The IXAE includes three co-aligned, identical, multi-wire, multi-layer proportional counters with an effective collecting area of 1200 cm 2 and a field of view of 2.3
• × 2.3
• . All the PPCs operate in the energy range of 2−18 keV with an average detection efficiency of about 60% in 3−7 keV energy range. For a detailed description of the PPCs refer to Agrawal (1998) and Rao et al. (1998) . Background observations were made before and after the source observation by pointing the PPCs to a source-free region in the sky, close to the target source. The source GRS 1915+105 was observed from 2000 June 18 to 22 with 1 s time integration mode and from June 23 to 27 in 0.1 s integration mode for a total useful period of 29460 s. The log of the PPC observations is given in Table 1 .
Regular pointed observations of the microquasar GRS 1915+105 during 1996 − 2001 period with the Rossi Xray Timing Explorer (RXTE) satellite provide a good coverage for a detailed study of the timing and spectral properties of the source and establish the associated radio properties with X-ray emission during different spectral states. There have been over 550 observations of GRS 1915+105 with the PCA and HEXTE of the RXTE. The list of observations used in the present work is given in Table 2 . 
ANALYSIS AND RESULTS

Data from IXAE Observations
The X-ray data in the energy band 2−18 keV and 2−6 keV were corrected for pointing offset using the aspect information. The background count rates obtained by pointing the detectors to a source-free region, were subtracted from the source count rate. Dead time correction has been neglected as it is less than 1% even at a count rate of about 500 counts s −1 per PPC. From calibration of the PPCs using Crab Nebula, it is found that the spectral data from PPC−3 is more reliable. Hence the hardness ratio (ratio of the count rates in 6−18 keV and 2−6 keV bands) has been obtained using data only from PPC−3.
We have generated the X-ray light curves of the source in 2−18 keV range for 500 s using the data from PPC−1 and PPC−3 for each orbit of observation. The light curves for a few orbits are shown in Figure 1 . The light curves show that low intensity quiescent phase lasting for a few tens of seconds, is followed by the bursts, which have exponential increase in X-ray flux with rise time of ∼ 8−10 s, high peak flux level for ∼ 10 s and a sharp linear decay in ∼ 2−3 s. The average burst recurrence time (the time taken by a Figure 2 . The X-ray light curves of GRS 1915+105 obtained from PPC−3 of IXAE during four different intervals of 2000 June observation are shown in the energy ranges 2−18 keV and 2−6 keV along with hardness ratio H. R. (ratio of count rate in 6 − 18 keV range to count rate in 2−6 keV range). The appearance of secondary (and tertiary peaks) can be seen in the later part of the observation. cycle of quiescent interval followed by a burst) for all the orbits of the PPC observations and the burst strength (the ratio between the peak count rate of the burst and the quiescent count rate at 2−18 keV for PPC−1 and PPC−3) are given in Table 1 . An increase in the burst recurrence time by a factor of about 2 from the beginning to the end of the observations is clearly detectable from the table. The X-ray light curves in 2−18 keV and 2−6 keV bands along with the hardness ratio obtained from PPC−3 data for four different PPC observations are shown in Figure 2 . It can be seen that the spectrum becomes hard as the burst progresses and it is hardest at the end of the decay of the burst. Presence of secondary (and tertiary) peaks during the decay phase of the bursts in the X-ray light curves is also discernible. From the light curves and hardness ratio for the third orbit of PPC observations on June 27 shown in the fourth panel of Figure  2 , it can be seen that the regular bursts disappeared in both the energy bands and the transition from class ρ to class χ2/χ4 occurred within about 1.5 hours, the orbital period of IRS-P3 satellite.
The burst strength has been calculated from a typical burst from each PPC observation. The peak count rate was determined as the average count rate over a time span of 4 seconds during the peak of the bursts and the quiescent count rate as the average count rate over 20 seconds just after the decay of a burst. The variation of the burst recurrence time with the burst strength is shown in Figure  3 . An anti correlation is found between the count rate ratio (burst strength) and the average burst recurrence time with a correlation coefficient of -0.54 (30 degrees of freedom). This indicates that the bursts were stronger during the early phase of observations when the burst recurrence time was small and the burst strength decreased with the increase in burst recurrence time.
Data from RXTE Observations
To corroborate the IXAE results we have also analyzed 31 RXTE/PCA observations of GRS 1915+105 made between 2000 May 4 and 2000 July 5 which are listed in Table 2 . Other details like the average count rate during quiescent phase and burst phase, burst recurrence time, the observed low frequency QPOs (∼ 2−8 Hz), hardness ratios and rms variability are also given in the table. The hardness ratio HR1 is described as the ratio of the count rates in the energy range 5−13 keV to that in 2−5 keV whereas the ratio of the count rates in the energy bands of 13−60 keV and 2−13 keV is described as HR2. The source was in a lowhard state (χ2/χ4) on and before 2000 May 11 and changed to the oscillatory nature of class ρ and remained for ≥ 40 days (from 2000 May 17 to 2000 June 27, as observed with RXTE/PCA). It returned back to the low-hard state which was detected on 2000 July 5. The burst recurrence time for each of the RXTE observation of class ρ was calculated using the PCA X-ray light curves. A plot of the average burst recurrence time versus the observation date (MJD) for the combined IXAE and RXTE/PCA observations is shown in Figure 4 . It can be seen that the burst recurrence time, obtained from the RXTE was about 75 s in the beginning and it gradually decreased to ∼ 40 s. Towards the end of the observations, regular monitoring by PPCs revealed a gradual increase in the burst recurrence time to ∼ 120 s which is followed by the disappearance of the bursts from the light curve. This indicates the switching of the source from oscillatory behaviour of class ρ to a radio-quiet steady emission of class χ2/χ4. We have used the 8 ms time resolution PCA data in 2−13 keV band to generate the power density spectra (PDS) for all the RXTE/PCA observations listed in Table 2 . During the low-hard X-ray states (on 2000 May 4 and 2000 July 5, class χ2/χ4), QPOs are detected at frequencies 2.8−3.9 Hz whereas during the rest of the PCA observations (class ρ) QPOs are observed at higher frequencies (6−8 Hz). A plot of the QPO frequency and the source flux in 2−60 keV band for 2 PCUs during the observations of class ρ, is shown in Figure 5 . A strong correlation is found between the QPO frequency and the average X-ray flux with a correlation coefficient of 0.85 (for 25 degrees of freedom).
Various X-ray characteristics of GRS 1915+105 such as nature of the light curve, gradual change in the burst recurrence time, hardness ratios HR1 and HR2, presence of QPOs and spectral properties in class ρ are found to be similar to those in the oscillatory phase of class α (Belloni et al. 2000) . These properties are described in the next section.
COMPARISON BETWEEN CLASSES
ρ AND α
Timing Analysis
To compare the X-ray timing properties of GRS 1915+105 in the X-ray classes ρ and α, we have selected one RXTE/PCA observation of each class (Obs. IDs 20402-01-03-00 and 20402-01-28-00 respectively) when all the 5 PCUs were on. Figure 6 shows the X-ray light curve for the above two RXTE/PCA observations for 1 s time bin obtained from the standard-1 data. The upper panel shows the presence of regular bursts with recurrence time of ∼ 60 s in the X-ray light curve of class ρ whereas bursts with increasing recurrence time and decreasing peak intensity followed by a low-hard state lasting for ∼ 1000 s (class α) are shown in the bottom panel of Figure 6 . At the end of the long stretched (∼ 1000 s) low-hard state,the bursts again reappear with a very high Ratio of count rate in 5 − 13 keV to count rate in 2 − 5 keV 6 HR2: Ratio of count rate in 13 − 60 keV to count rate in 2 − 13 keV peak X-ray flux (similar to the peak flux of class ρ) which decreases gradually with increasing burst duration. We have shown, in Figure 7 , the X-ray light curve for 1 s time bin in 2−60 keV energy range along with the hardness ratios (HR1 and HR2) for classes ρ (left panels) and α (right panels). It is seen that all the properties (structure of the light curves and the hardness ratios) are identical during the burst/quiescent phase of the two X-ray classes. The presence of QPOs in the PDS during the burst/quiescent phase of the classes ρ and α has been shown by Muno et al. (1999) (Fig. 1 (d) and 1(j) ). From those figures, it can be seen that the QPO frequency during the particular observation of class ρ lies between 5−7 Hz. During the class α, the QPO frequency changes from ∼ 8 Hz at the beginning of the burst phase, to ∼ 5 Hz during the change of state to the low-hard state. As the QPO frequency varies directly with the intensity, the change in QPO frequency during the burst phase of class α is due to a decrease in the X-ray intensity with the increase of recurrence time. In both the classes, the source is radio-quiet with similar flux densities at 2.25 GHz and 8.3 GHz (Naik and Rao 2000) . From the IXAE and RXTE observations of the source during 2000 May−June (when the source was in the X-ray class ρ), it is noticed that there is a gradual change in the various properties of the source like burst recurrence time, intensity, QPO frequency etc. and the source makes a gradual transition to the low-hard state of the class χ2/χ4. These characteristics are very similar to those observed in the ob- servations of class α but at a much shorter time scale. Hence, we argue that the nature of the source over time scale of a few tens of days during the class ρ is identical to that over a time scale of ∼ 1000 s during the class α.
Spectral Analysis
To compare the results with earlier observations of the classes ρ, α and χ2/χ4, we have selected RXTE pointed observations of each class when all 5 PCUs were on. The observations made on 1996 November 19 (20402-01-03-00) and 1997 May 18 (20402-01-28-00) are used for classes ρ and α respectively whereas the observation of 1996 November 28 (20402-01-04-00) is used for the class χ2. Details of these observations are given in Table 2 . To study the spectral behaviour of the source during different phases, we have selected data at suitable time ranges for the burst/quiescent phases of the source in classes ρ and α. For the class ρ, we have selected data for the burst phase when the source count rate was ≥ 15000 counts s −1 and for the quiescent phase when the source count rate was ≤ 10000 counts s −1 . For the class α, the burst phase corresponds to the source count rate ≥ 12000 and the quiescent phase to a count rate in the range of 7500 to 9500 (for 5 PCUs). To compare the spectrum of the source during the long stretch (∼ 1000 s) of lowhard state in class α with that of class χ2, we have selected the data when the source count rate was ≤ 6000. To get a complete spectrum in the broad energy band (3−150 keV), we have combined the data obtained from RXTE/PCA and HEXTE. Energy spectra in 129 channel were generated from the Standard 2 mode PCA data. Standard procedures were applied for the data selection, background estimation and response matrix generation . Systematic error of 2% have been added to the PCA spectral data. For HEXTE, standard 2 as well as the archive mode data from the HEXTE Cluster 0, which has better spectral response, have been used.
We have fitted the spectrum for the burst and the quiescent phases of both the classes ρ and α using the standard black hole model (Muno et al. 1999 ) consisting of "disk-blackbody and power-law" and "disk-blackbody and a thermal-Compton spectrum" with a fixed value of absorp- Figure 7 . The X-ray light curves of GRS 1915+105 in the 2 − 60 keV range for classes ρ and α are shown (panels a and d respectively) along with plots of hardness ratios HR1 (count rate in 5 − 13 keV / count rate in 2 − 5 keV energy range) in panels (b) and (e) and HR2 (count rate in 13 − 60 keV / count rate in 2 − 13 keV energy range) vs time in panels (c) and (f) respectively. From the figure, it is seen that the burst properties in class α are similar to those seen in class ρ.
tion by intervening cold material parameterized as equivalent Hydrogen column density NH at 6 × 10 22 cm −2 . Simultaneous spectral fits to the PCA (in the energy range of 3−25 keV) and HEXTE (in the energy range of 15−150 keV) spectra were performed for different phases of classes ρ and α, keeping the relative normalization as a free parameter. The same procedure was followed for the fitting of the spectrum during the long stretched low-hard state of class α and the observation of class χ2. The fitted parameters for the above two models are given in Table 3 . From the table, it is observed that for the "disk-blackbody and power-law" model, there is no significant difference in the spectral parameters for the two different classes. For the "disk-blackbody and thermal-Compton spectrum" model, it is seen that the disk temperatures, and the optical depth of the Compton cloud τ are identical for the classes α and ρ during the different states. Comparing these two models, it is found that the model with disk-blackbody and thermal-Compton spectrum fits better than the model with disk-blackbody and powerlaw.
The resultant deconvolved energy spectra for the "disk blackbody and thermal-Compton" model are shown in Figure 8 for different phases of the classes α and ρ and the long stretched low-hard states of classes α and χ2. From the figure and Table 3 , it is clear that the source spectrum is identical during the burst and quiescent phases of the two X-ray classes α and ρ.
ASM Light Curve
We have examined the X-ray light curves of 562 publicly available RXTE/PCA observations till 2000 October 11. We found that 70 observations are of class ρ and 30 observations are of class α. Naik and Rao (2000) have described the similarities in the radio properties of the source during both the ρ and α classes. To examine the pattern of change of state of the source between the X-ray classes ρ and α, we show in Figure 9 the one day averaged ASM light curve of GRS 1915+105 with the identified ρ and α classes marked with filled circles and filled triangles respectively. From the figure, it is noticed that the change of state of the source occurs from the radio-quiet low-hard state (χ2/χ4) to highstate through the classes α and ρ. It is also observed that these two classes appear together during the switching of state from low-hard state to high state which strengthen the argument that the classes α and ρ have strong similarity. During the switching of the source from a low-hard state (χ2/χ4) to the high-state, it goes through the class α followed by class ρ which is very clear during the transition from a long stretch of low hard state of class χ2/χ4 to high state during MJD 50490 − 50600. Direct switching to the class ρ from the low-hard state is not observed. Based on the observed X-ray and radio properties, we find that the X-ray classes ρ and α are identical except for the presence of a long stretch of low-hard state in class α similar to the radio-quiet low-hard states of class χ2/χ4. In other-words, we can say that the X-ray class α is the same as the combined class of ρ and χ2/χ4.
DISCUSSION
The Galactic microquasar GRS 1915+105 shows extended low-hard states on several occasions. These low-hard states are characterized by a low frequency QPO at ∼ 3 Hz. The source switches from an extended low-hard state into a highsoft state in a wide range of time scales. Rao et al. (2000) have observed a slow transition from a low-hard state to a high-soft state (in about 3 months) in 1997 March−August. They have also reported a state transition in a very fast timescale (a few seconds) when the source was exhibiting irregular bursts in the X-ray light curves. However, the observed state transition of the source over a wide range of time interval is not yet clearly understood. On 2000 June 27, the source made a transition from a regular oscillatory behaviour (class ρ, in which the light curve contains regular bursts with recurrence time in the range 40−120 s) to a steady emission (low-hard state) within 1.5 hour. The characteristic properties of slow rise and fast decay of these regular bursts of class ρ are unique. Taam et al. (1997) have attempted to describe these bursts in the framework of thermal/viscous instabilities in the accretion disk. Vilhu and Nevalainen (1998) tried to explain the properties of these regular bursts by using a two phase self-consistent thermal radiative model. Paul et al. (1998) interpreted the observed slow rise and fast decay of the regular bursts as the evidence for the disappearance of matter into the event horizon of the black hole. interpreted the observed features in GRS 1915+105 in the light of advective disk paradigm which includes self-consistent formulation of shocks and out-flows from post-shock region and described the oscillatory behaviour during the X-ray classes ρ and α as the combination of the high count rate "On-state" and the low-count rate "Off-state". Using this model, we have tried to explain the observed correlation between the QPO frequency and the X-ray intensity during the observations of class ρ. Chakrabarti & Manickam (2000) derived a relation between the QPO frequency in 1−10 Hz range and duration of the quiescent phases (class ρ and α). As the 1−10 Hz QPO could be due to the oscillation of shocks located at tens to hundreds of Schwarzschild radius, they tried to explain the switching of burst phase to quiescent phase and vice versa and the duration of the quiescent phase by assuming an outflow from the post-shock region. Assuming the flow to be isothermal until Rc (the location of the sonic point), a shock compressed gas with R (the shock compression ratio) > 1, must produce outflows which pass through the sonic points. Hence matter is subsonic until the sonic point. As the Compton cooling becomes catastrophic when the Thomson scattering opacity (kes) becomes 0.4, the duration of the off state (i.e. the duration between the end of a burst and the beginning of the next burst which we described as the quiescent phase) is given by t of f = (4πR 2 c )/(3Ṁout kes). Using the relation between inflow and outflow rates (Chakrabarti 1998) , α = 3/2 (for a low angular momentum freely falling matter), and v0 = 1, the duration of the off state is given by t of f = 461.5 ( 0.1 ΘṀ ) (
where
Θin and Θout are the solid angles of the inflow and the outflow respectively. Keeping the numerical coefficient constant in the above equation by putting the value of α = 1 and v0 = 0.066, which is very reasonable for a black hole accretion, one obtains t of f = 461.5 ( 0.1 ΘṀ ) (
This relation has been found to be valid for all the observations. According to this relation, the greater is the value of the duration of the off state t of f , less is the frequency of the QPOs. If one compares the presence of QPOs and the duration of the off state (quiescent phase) in the Figure 1(d) of Muno et al. (1999) , it can be seen that, during class ρ the QPOs are at similar frequencies. Also in their Figure 1(j) , during the on and off states of class α, the QPO frequencies change according to the above relation.
In class ρ, the relation between QPO frequency and t of f should be valid for a given day and the proportionality constant varies for each day. We find that t of f ν 2 is correlated with the quiescent count rate with a correlation coefficient of 0.94. This can be explained by the fact that for a given day ΘṀ can change (see eqn. 1) and it should be related to the quiescent count rate.
Although different states of the microquasar GRS 1915+105 are explained by various models, none of the models explain the transition from one state to other. It would be interesting to study the changes in the emission processes in the accretion disk and the factors which trigger the change of state as well as the transition from one class to another in the source.
